






MAR 17 1947 

RESEARCH MEMORANDUM 


KNOCK-LIMITED POWER OUTPUTS FROM A CFR ENGINE USING 

INTERNAL COOLANTS 

m " FOUR ALKYL AMINES, THREE ALKANOLAMUNES 

SIX AMIDES, AND EIGHT HETEROCYCLIC COMPOUNDS 

By Harry S. Burning and Donald R. Bellman 

Aircraft Engine Research Laboratory 
Cleveland, Ohio 


CLASSIFIED DOCUMENT 

This document contains classified information affec- 
ting the National Defense of the United States within 
the meaning of the Espionage Act, USC 50:31 and 32. 
Its transmission or the revelation of its contents in 
any manner to an unauthorised ^rsOn is prohibited by 
law. Information so classified may be imparted only 
to persons in the military and naval Serviced of the 
United States, appropriate civilian officers' and ea- 

? loyees of the Federal Government who have a legit- 
mate interest therein, and to United States citizens 
of known loyalty and discretion who of necessity must 
be informed thereof. 


NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 


WASHINGTON 
February 3, 1947 


N A C A LIBRARY 

lakgley memorial aeronautical 

TJkRORATOKY 


' Uueiey F ' ieW * v *- 






L 

\ 


NACA EM No. E6L05a 


NASAT»cftfiIcaJ L 

..... 


176 01435 0426 


NATIONAL ADVISORY- ccwmittee for aeronautics 
RESEARCH MMORANPUM 

KNOCK-LIMITED POWER OUTPUTS FROM A CFR ENGINE USING 
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SIX AMIDES, AND EIGHT HETEROCYCLIC COMPOUNDS 
By Harry S» Imming and Donald R. Bellman 


SUMMARY 


Investigations were conducted to determine the antiknock 
effectiveness of various additive-water solutions used as internal 
coolants in conjunction with AK-F-28, Amendment-2, fuel in a 
modified CFR engine. Each internal-coolant solution was injected 
at a coolant-fuel ratio of 0,50 and contained 70-percent water and 
30-percent by weight of each of the following compounds: 

Alkyl amines 
Isopropylamine 
Isohutylamine 
t er t -Butyl-amine 
Monoamylamine 
Alkanolamines 
Ethanol amine 
Diethanolamine 
2-Ami no-2-nathyl-l-propanol 
Amides 
Formamide 
N-Ebhylfonuanide 
N-Ethylacetamide 
N-Ethylpropionamide 
N, N-Dimethylf ormamide 
N, N-Diethylacotanide 
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Heterocyclic compounds 
2,2~Djmetliylothylanimine 
Morpholine 
Pyridine 

2- Methylpyridine 

3- Mcthylpyridine 

4- Methylpyridine 
2,6 -Dinetliylpyr id ine 
2 - Yinylpyridine 

Eesulte of investigations are also presented for AN-F-28, 
Amendment-2, fuel run with no internal coolant and with water alone 
as the internal coolant at coolant -fuel ratios of 0.35 and 0,50. 

Three of the alkyl amines, the six amides, and six of the hetero- 
cyclic compounds raised the knock limit of the "base fuol more than 
an equivalent amount of water at most of the fuel-air ratios investi- 
gated. Ethanolamine and 2 - amino - 2 -methyl- 1-propanol raised the knock 
limit more than an equivalent amount of water at fuel-air ratios 
greater than 0.093. The 21 compounds investigated were less effective 
in raising the knock limit than monamethylamine, dimethylamine, and 
ethylenediamine, which were previously investigated. 


INTR0I50CTIGN 

An investigation of the antiknock effectiveness of various 
additive -water solutions when used as internal coolants has "been 
conducted at the HA.CA Cleveland laboratory. Nine compounds have been 
previously run in a CFR engine and the results are presented in ref- 
erences 1 to 3. Of the nine compounds, monomethyl amine , dimethylamine, 
and ethylenediamine permitted the greatest increases in knock-limited 
power. From considerations of the physical properties, however, the 
use of these compounds as internal coolants would be restricted. For 
example, monomethy lamina and dimethylamine are gaseous at room temper- 
ature and have limited solubilities in water. Ethylenediamine, as 
well as monomethyiaiuine and dimethylamine , is corrosive in contact 
with copper. 

In an effort to find a good antiknock- coolant additive with more 
desirable physical properties than those of the nine compounds 
previously investigated, water solutions of four alkyl aminos, three 
alkanolamines , six amides, and eight heterocyclic compounds were 
investigated and the results are presented. 
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INTERNAL COOLANTS AND BASE FUEL 

Each additive-water solution contained 30-percent additive by 
weight. Boiling points and solubilities of the pure additives are 
presented in. the following table: 


1 

Additive j 

j Physical properties 

[Boiling 

[point 

(°C) 

Solubility 

(a) 

Water ! 

1 Alcohol 

Ether 

Alkyl amines 





Isopropylamino 

34 

CD 

CO 

OO 

Isobutylamine 

60 

CD 

CO 

00 

tert-Butylamine 

46 

00 

00 

OC 

Monoamylamine 


1 



(mixed isomers) 

j 84-110 [ 

. TO . . 



l 

Alkanolamines j 

r 

E 

1 

1 


Ethanolamine 

172 

CD 

CD 

VSS 

Diethanolamine 

268 

CD 

OO 

SS 

2 -Amino-2 -me thy 1-1-propanol 

165 

GO 

1 



Amides 



r 1 

1 

Formamlde 

211 

CO 

OO 

' SB 

N-Ethylf omami de 

198 

1 00 

i 

OC 

00 

H-Et hylacetamid e 

205 

CO 

CO 


W~Ethyipr o pi onamid e^' 





N, N-D1 methylToriaamlde 

155 

s 

s 

s 

N, N-Diethylacetaml de 

187 

S 

S 

e 

Heterocyclic corrpounds 



I 

i 

2 , 2 -Dimethylethylenlmine 

71 


. 


Morpholine 

128 

CD 3 

t 

s 

1 

B 

Pyridine 

115 

i 

00 


00 

2 -Me thy lpyrid ine 

123 

VB 

00 i 

I 

3 -Me thylpyrid ine 

144 * 

CO 

00 I 

j CO 

4-Methylpyridine 

143 

CD 

| 

- 

' OO 

2 9 6-DimetliylpyrxdinQ 

143 

f 00 cold | 

1 

1 8 

B 



\ s hot j 



2 -Yinylpyr idine 

159 

YSS 

vs | 

i TB 


^he following abbreviations are used to indicate the solu- 
bilities of the additives: 00 , infinitely soluble; 
vs, very soluble; s, soluble; ss, slightly soluble; 
vss, very slightly soluble. 

^No data are available for this compound,. 
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In addition to runs made with, additive -water eolution3 as internal 
coolants, runs were also made with water alone as the internal coolant. 

The additive-wator solutions were prepared at this laboratory from 
commercial-grade compounds and distilled water. The 2, 2-dime thylothylen- 
imine and the tert -butylamine compounds were not available commercially 
and were prepared at this laboratory. The correct concentration of ^ 
2,6-dimethylpyridins could be maintained only at temperatures of 20 J C 
or less. This solution was kept in an Ice bath while being run. 

The merits of the internal-coolant solutions wero determined by 
the effect of the ooolant on the knock-limited performance of AN-F-28, 
Amendment-2, fuel. A single batch of thiB fuel wub used in this present 
investigation and in the investigations reported in references 2 and 3. 

In order to avoid confusion, the following definitions are used: 

(1) Fuel: AN-F-28, Amendment-2, used as base fuel 

(2) Water-fuel ratio: weight ratio of water containing no 

additive to AN-F-28, Amendment-2 , fuel 

(3) Additive-water ratio: weight ratio of pure additive to water 

(4) Internal coolant: either pure water or additive-wator solution 


APPARATUS AND PROCEDURE 

The engine, auxiliary equipment, and procedure of investigating 
the internal coolants were the same as described in reference 3. The 
additive-water solutions were run at a coolant-fuel ratio of 0.50. 
Water alone was run at coolant-fuel ratios of 0.35 and 0.50 by weight. 

The following engine conditions were maintained constant through- 
out the program: 


Engine speed, rpm. ............... 2500 

Compression ratio 7.0 

Spark advanco, deg B.T.C 30 

Inlet -air temperature, °F 250 

Jacket temperature, °F ....... 250 
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EEESENTATION AND DISCUSSION OF RESULTS 

Knook-limited indicated mean effective pressures and indicated 
specific fuel consumptions plotted against fuel-air ratio for fuel 
with, and without water as an internal coolant are presented in 
figure 1. Similar data for fuel with internal -coolant solutions 
containing 70-percent water by weight and 30-percent of each of the 
21 additives are presented in figures 2 to 4. 

The following table indicates the reproducibility of the data 
by giving ratios of arithmetical-mean deviation to average knock- 
limited indicated moan effective' pressure (expressed as percentage) 
as determined from the runs of fuel alone and with water as an 
internal coolant: 


Water -fuel 
ratio 

Number 

of 

rxrns 

Ratio of arithmetical -mean deviation 
to knock-limited imep 
(percent) 

Fuel-air ratio 

0.05 

0.06 0.07 

0.C8 0,09 

lo.io 

0 

0.50 

4 

2 

3*4 

3.3 1 2 .8 
5.5 (1.0 

3.8 12.0 
.8 (2.0 

I 2.7 

\hl 


The values in this table were determined from runs made at intervals 
throughout the program and indicate that a good degree of reproduci- 
bility was obtained* The reproducibi3.ity of the knock-limited 
performance when using internal- coolant additives, however, was not 
checked because of limited supplies. 

The results obtained in this investigation are presented in 
table I in terms of the ratios of the knock-limited indicated mean 
effective pressures obtained when using coolant additives to those 
obtained when using water alone at two different water-fuel ratios. 
The upper and lover values were determined by the following ratios: 

upper value, 

knock-limited ixiep of 0,50 (0.50 additive + 0,70 water) + 0.50 fuel 
knock-limited imep of 0.35 water + 0,65 fuel 


i 
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lower value, 

knock-limited imep of 0.50 (0.50 additive + 0.70 water) +0.50 fuel 
knock- limited imep of 0.50 water + 0.50. fuel 

An upper value above 1.00 indicates that the addition of the 
additive raised the knock limit. This improvement in knock-limited 
performance can he attributed to the effect of the additive as an 
antiknock agent and to the improvement in cooling resulting frtm the 
addition of more internal coolant per pound of fuel. A lower value 
above 1,00 indicates that the additive raised the knock limit a 
greater amount than an equivalent amount of water. As before, this 
improvement may result from the antiknock quality of the additive as 
well as the cooling properties, From, this discussion, an upper value 
above 1.00 together with a lower value below 1.00 therefore denotes 
that the additive raised the knock limit but not as much as an 
equivalent amount of water. 

Monoamylamine, diethanolamine, 2,2-dimethylethylenimine, and 
morpholine were less effective than water as internal coolants for 
all values of fuel-air ratio. Ethanolamine and 2 -amino- 2 -methyl - 
1-propanol were more effective than water as internal coolants at 
fuel-air ratios greater than 0.093 but were less effective than 
water at lower fuel -air ratios. The alkyl amines (with the excep- 
tion of monoamylamine ) , the amides, and the heterocyclic compounds 
(with the exception of 2,2-dimethylethylenimine and morpholine) were 
more effective than water as internal coolants for moat values of 
fuel -air ratio. 

The bar graph (fig. 5) compares at fuel -air ratios of 0.06, 
0.08, and 0.10 the effectiveness of the internal-coolant additives 
run during this investigation with that of six internal coolants 
previously reported in reference 3. The values used in the graph 
are ratios of the knock-limited indicated, mean effective pressure 
permitted with an additive-water solution as the internal coolant 
to that permitted with water alone as the internal coolant at a 
coolant-fuel ratio of 0.50. Monbmethylamine, d imethy Lamina , and 
ethylenediamine are more effective as internal-coolant additives 
than any of the other 24 compounds. 


SUMMARY OF EESULTS 

The results of investigations of water solutions of four alkyl 
amines, three alkanolamlnes , six amides, and eight heterocyclic 
compounds as internal- coolant additives in a CFR engine may be 
summarized as follows t 
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1. Three alkyl amines, the six amides, and six heterocyclic 
compounds were more effective than water as internal coolants for 
most values of fuel-air ratio. 

2. Monoamylamine , diethanolamine, 2, 2-dime thylethylenimine, 
and morpholine were less effective than water as internal coolants 
for all values of fuel-air ratio, Ethanolamine and 2-amino- 

2 -methyl- 1-propanol raised the knock limit at fuel-air ratios 
greater than 0,093. 

3. The 21 compounds investigated were less effective in 
raising the knock limit than monome tb ylamine , dimethyl amine , and 
ethylenediamine , which were previously investigated. 


Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 


1. Bellman, Donald S., and Eward, John C . : Knock-Limited Perfoxm- 

ance of Several Internal Coolants. NACA ACE No. 4B08, 1S44. 
(Classification changed fx-om "Confidential" to "Restricted", 

April 1946.) 

2. Bel lman , Donald R., Moeckel, ¥. E., and Eward, John C.: Knock- 

Limited Power Outputs from a CFR Engine Using Internal Coolants. 

I - Monomethylamine and Dime thy lamine . NACA ARE No. E4L21, 1944. 

3. Bellman, Donald R„, Moeckel, W. E., and Eward, John C.: Knock- 

Limited Power Outputs from a CFR Engine Using Internal Coolants. 

II - Six Aliphatic Amines, NACA ACR No. E5H31, 1945. (Classifi- 
cation changed from "Confidential" to "Restricted", April 1946.) 
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TABLE I - SUMMARY 03 ANTIKNOCK EEFECTIVEUESS OF VARIOUS 

COMPOUNDS AS INTERl'lAL-COOIANT ADDITIVES 

|^CFR ermine; AN-F-2S, Amendment- 2 , fuel; engine speed, 2500 rpm; 
compression ratio, 7.0; spark advance, 30° B.T.C.; inlet-air temper- 
aturo, 250° F; jacket temperature, 250° F. For eacli additive there 
are two rows of values . The upper value Is the ratio 

knock-limited irnep of 0.50 (0.30 additive + 0.70 water) + 0.50 fuol 
knock-limited imep of 0.35 water + 0.65 fuol 

The lower value is the ratio 

knock-limited line? of 0.50 (0.50 additive +0.70 wator) + 0.50 fuol I 
knock-limited imep of 0.50 water + 0,50 fuel J 


Additive 

Fuel-air ratio a 

0.05*0.06 

0.07 

O 

• 

O 

03 

0,09 

1.10 

Alkyl amines 







Ieopropylamine 

1.01 

1.14 

1.30 

1.14 

1.12 

1.01 


.97 

1.00 

1.10 

1.07 

.98 

.99 

Iaofrutylaraino 

1.17 

1.23 

1.39 

1.28 

1.32 

1.09 


1.12 

1.08 

1.18 

1.20 

1.15 

1.07 

t ert -Butylamino 

1.05 

1.16 

1.37 

1.21 

1.21 

1.02 


1.00 

1.02 

1*17 

1.14 

1.07 

1.00 j 

Monoamylamlne. (mixed isomero) 

.84 

.96 

1.09 

1,04 

1.02 

.92 


.80 

.84 

.93 

.97 

.90 

.90 

Allcano lamlne e 







Ethanolaral n 0 

0.77 

0.86 

1.13 

1.04 

1.U9 

1.25 


.74 

.76 

.96 

.98 

.96 

1.23 

: Diethanolamine 

.69' 


: __ __ 

.62 

.77 

.73 


.66j 

— 

— 

.53 

.67 

.72 

2-AminO“-2~methyl-l-propanol 

.77! 

*86 

.96 

.97 

1.08 

1.04 


•Ill 


.81 

. 91 j 

.95 

1.02 


a The compounds vero not considered as fuels and the heats of 
combustion were neglected In computing the fuel-air ratios. 
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TABLE I - SIM1AHT OF ANTIKNOCK EFFECTIVENESS OP YAEIOUS 
COMPOUNDS AS IHTEENAL- COOLANT ADDITIVES - Continued 


Additive 

r 

Fuel-aii- ratio® 

! 

0.05 

0.06 

o 

* 

o 

-4 

0.08 

0.09 

0,10 

Amides 

Formamlde 

1.04 

1.04 

— 

1.30 

1.1S 

1.27 

1.13 


.99 

.92 

1.11 

1.11 

1,12 

1.10 

N-Ethylf ormanide 

1.07 

1.19 

1.33 

1.28 

1.24 

1.07 


1.02 

1.05 

1.13 

1.21 

1.09 

1.05 

N-Ethylacotamide 

.99 

1.18 

1.26 

1.20 

1.22 

1.04 


.95 

1.04 

1.08 

1.12 

1.07 

1.02 

N-Ethyipropionanide 

1.03 

1.22 

[1.38 

1.25 

1.28 

1.09 


.99 

1.08 

1.17 

1.16 

1,12 

1.06 

N, N-Dimethylf ormaraide 

.93 

1.11 

1.26 

1.13 

1.12 

.96 

j 

,89 

.98 

1,07 

1,06 

.99 

.94 

N, N-Diethylacetanide 

,93 

1.10 

1.28 

1.18 

1.10 

.96 


.89 

.97 

1.09 

1.11 

.96 

.94 

Heterocyclic compounds 
2,2 -Dliaethylethylenimine 

0.32 

0.91 

1.09 

0.99 

1.03 

0.S7 


.79 

.80 

.93 

.93 

.91 

,95 

Morpholine 

.79 

.88 

1.06 

1.01 

.98 

.89 


.76 

| .77 

.90 

.95 

,85 

.87 

Pyridine 

.98 

1.16 

i.se 

1.27 

1.25 

1.03 


.94 

1,02 

1.17 

1.19 

1,10 

1.01 

2 -Methylpyr idine 

.96 

1.12 

1.37 

1.30 

1.25 

1.06 


.92 

.99 

1.16 

1.22 

1,10 

1.03 

3-Methylpyridine 

.93 

1.12 

;i.32 

1.19 

1.26 

1.05 

1 

.89 

| 

.99 

1.12 

1.12 

j 

1.10 

1.03 

4-Met bylpyr id ine 

.96 

1.12 

1.36 

1.32 

1.27 

1.06 


.92 

.98 

1.18 

1.24 

1.12 

1.03 

2, 6-Dimethylpyridine 

.90 

1.13 

1.37 

1.25 

1.28 

: 1,05 


.86 

.99 

1.16 

1.17 

1.13 

1 

1.03 

2 -Vinylpyridine 

1.0S 

1„24 

1.31 

1.24 

1.22 

1.07 


1.05 

1.09(1.12 

1.16 

1.07 



®The compounds were not considered as fuelB and the heats 
of combustion were neglected in computing the fuel-air 
ratios . 
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Fig . 2 


Ol 

03 

VO 



• 04 .06 


Fuel-air ratio 


(a) Internal-coolant additive*, alkyl a&ines. (b) Internal-coolant additive*, alkanol- 

amines* * 

Figure 2. - Effect of various alkyl amines and alkanola a i ne s as Internal-coolant additives 
cm knock-limited performance of AH-F-28, Amendment-2, fuel. CFR engine } engine speed, q 
2600 rpmj compression ratio, 7*0j spark advance, 50° B.T.C*: Inlet-air temperature, 250 F> 
Jacket temperature, 260° F. 


Knock-Halted lraep, lb/aq In. lsfo f lb/hp-hr 
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Fig. 3 


c* 

00 

VO 



Figure 3. - Effect of various amides as Intarnal-coolant additives on knock-limited per-formano* 
of AH'— F— 28 , Amendment-2 , fuel. GFR engine; engine speed, 2500 rpta; compression ratio, 

7.0; spark advanoe, 30° B»T.C.; Inlet-air temperature, 250° Fj Jacket temperature, 250° F. 
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Fig . 4 


1.0 


<J\ 

00 

VO 


•T 


I .6 


.8 


.4 »ao 


.8 800 


5 

sr 


2 

♦» 

1 



140 


.04 

Fuel-air ratio 


Fl©are 4. - Effect of various heterocyclic compounds as internal-coolant additives on knook- 
11 sited performance of AX-F^-28, Amendmeat-2, fuel. CFR engine j engine speed, 2500 rpmi 
compression ratio, 7.0j spark advance, 50° B.T.G.i Inlet-air temperature, 250° Pi Jacket 
temperature, 260° F. 
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o ,t 


* 


* ( 


Internal-* oa olanti additive 


0,06 


Fuel-air ratio 

o.os 


o.io 


Water 

UonomethylamLne 1 ’ s 
Dlmethylamlne 1 ^ 

Ethyl enediamlne 1 * * 
Diethylamine 1 !* 

Trie thy Laalne 1 * ^ 

Butylauine 1 *^ 

I eo propylamine® 

Iaobutylamlne® 
tort- Butylaulttt 5 . 
Mocoamylamlnc (mi zed Isomer *) 5 
Ethanolaaine® 

Diethanolamine® 

2-Aalno-2-»tthyl-l-propanol® 

Formailde® 

f-Ethylformamide® 

W-tthylaoetjuri.de5 

Mthylpropionainldt® 

y t H-Dlmath7lfor»a*id#5 

N, £-Di ethylacetamide® 

2 , B-Dinethyl ethyl enlmlna® 

MorphollneS 

Pyridine® 

2-Methylpyrldine® 

Hfethylpyrldine® 

*-HtthylpyrldIne® 

2, 6-Dlne tfcylpyri di ne® 
2-^lnylpyridine® 


ipftt* obtained from reference 3. 
«22-peroent by weight additive in water. 
/ 26 -percent by weight additlvt In water. 
j25-pero«t by weight additive in water. 
^O-peroent by weight additive In water. 
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figure 5. - Relative knock- limited poweri permitted by varioue Internal-coolant additives at coolant-fuel ratio 
of 0.564, Value* in graph, are ratio* or knock-limited indicated mean effeotive preieure permitted with additive- 
watei^solution as^nterfial coolant to that permitted with water alone aa internal coolant. 
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